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Abstract 
This paper presents an integrated dataset of digital elevation models (DEMs) and ground penetrating 
radar (GPR) surveys from the sandy braided South Saskatchewan River, Canada. Data were collected 
from the same sites in 2004, 2005, 2006 and 2007, allowing the evolution of the surface morphology to 
be tied explicitly to its associated depositional record. The occurrence of a large flood in 2005 also 
allowed the influence of discharge to be assessed with respect to the process-product relationship. The 
data demonstrated that the morphology of the study reach evolved even with modest discharges and 
could become organized into planforms that were either more compound bar-dominated or unit bar-
dominated. The large flood was a trigger for switching between states and caused more erosion than is 
normally the case. The GPR surveys quantified the extent to which the subsurface deposits (the 
‘product’) were modified by the surface morphodynamics (the ‘process). They revealed that during the 
large flood there was an increase in the proportion of facies associated with bar margin accretion and 
larger dune sets. Conversely, in subsequent years these facies became truncated and replaced with 
facies associated with smaller dune sets. In particular, this analysis showed that unit bars generally 
become truncated vertically but especially laterally. Thus, they lose the high-angle bar margin deposits 
and the smaller-scale deposits found on their surfaces. As a result, commonly the only fragments that 
remain are dune sets, thus making identification of the original unit barform problematic. This unique 
datasets raises implications for what may ultimately become preserved in the rock record. 
 
Introduction 
Much early knowledge concerning sandy braided rivers and their deposits arose from studies of 
individual, or small groups, of emergent bars (e.g. Blodgett and Stanley, 1980; Crowley, 1983; Bridge 
et al., 1986), or exposed sections in cutbanks or shallow trenches (e.g. Miall, 1977; Cant and Walker, 
1978). In recent years, technological developments have allowed a much greater spatial extent to be 
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studied, for example, the use of geophysical tools, such as ground penetrating radar (GPR), has enabled 
km-scale deposits to be mapped and quantified to depths equivalent to the local channel thalweg (e.g. 
Fielding et al., 1999; Best et al., 2003; Bristow and Jol, 2003; Skelly et al., 2003; Lunt and Bridge, 
2004; Wooldridge and Hickin, 2005; Mumpy et al., 2007; Sambrook Smith et al., 2009). Similarly, 
photogrammetric and laser scanning techniques that are capable of generating digital elevation models 
(DEMs) at the km-scale (e.g. Westaway et al., 2000; Chandler et al., 2002; Brasington et al., 2003; 
Charlton et al., 2003; Lane et al., 2003, 2010), has enabled morphodynamics to be quantified over 
much greater area. These advances in data acquisition have facilitated new depositional models for the 
alluvium of braided rivers (e.g. Bridge and Lunt, 2006), based on much larger datasets and with a fuller 
appreciation of the three-dimensional nature of the alluvial architecture. However, a weakness of these 
studies, and models arising from them, is that they are overwhelmingly static in time and based on just 
‘snapshots’ of the river under investigation. Those studies that have attempted to compare data beyond 
a single study period have been restricted to data collection before and after a single flood event (e.g. 
Fielding et al., 1999; Sambrook Smith et al., 2010). Thus, to date, studies of modern rivers have not 
addressed fully the issue of what might happen to the observed alluvial architecture over a longer 
temporal scale. This issue was articulated by Miall (2006), who noted that although there is now 
unprecedented spatial resolution of bar deposits, these essentially just illustrate short-term bar forming 
processes; the key issue of what proportion of a bar is preserved in the rock record remains 
unanswered. The challenge implicit in Miall’s (2006) commentary is that if studies of modern rivers are 
to be useful in interpreting the rock record, they must address the issue of preservation potential. 
Similarly, Bridge and Lunt (2006, p.42) state that a key challenge to advancing our understanding of 
alluvial architecture is a lack of data on “...depositional processes during floods, over large areas and 
over long time spans...” 
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The aim of this paper is to address these challenges by analysing a new 4-D dataset from the sandy 
braided South Saskatchewan River, Canada, that explicitly addresses the issue of preservation 
potential. This is made possible by the collection of surface and subsurface datasets for the same reach 
of river over four consecutive years. On this basis, it is possible to assess to what extent the alluvial 
architecture at the start of the study period becomes modified in each subsequent year as it is subjected 
to a range of flow events, and therefore what depositional elements in the modern river may contribute 
to the ancient record. The specific objectives of this paper are to:  
1) quantify the morphological evolution of the sandy braided South Saskatchewan River across its 
entire width and examine the spatial variation in erosion and deposition by analysis of DEMs 
constructed from sequential aerial photographs over a range of time-scales. 
2) quantify the three-dimensional alluvial architecture of the river using GPR surveys of bar and 
channel deposits in the same area of sandy braidplain for which DEMs have been constructed.  
3) investigate if there is an explicit link between the surface morphology and subsurface facies 
through integration of GPR data and sequential DEM surfaces. 
4) quantify changing facies distributions by collecting sequential GPR data over the same survey 
lines over a period of several years, and, 
5) establish the geometry, spatial abundance and preservation potential of different depositional 
units. 
 
 
Study site 
The results reported herein are from the same reach of the sandy braided South Saskatchewan River 
studied in the widely cited work of Cant and Walker (1978) (Fig. 1). Full details of the site can be 
found in recent work by Woodward et al. (2003), Sambrook Smith et al. (2005, 2006, 2010), Best et al. 
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(2006), Lane et al. (2010) and Ashworth et al. (2011) and only a brief summary is provided herein. The 
study reach is located near the town of Outlook, Saskatchewan, approximately 25 km downstream of 
Lake Diefenbaker (Fig. 1). This lake was created in 1967 following impoundment of the river by the 
Gardiner Dam, and has resulted in a reduction of mean annual river discharge from ~280 to ~200 m3s-1 
(Thomas, 2006). Bars generally become overtopped when flows exceed ~230 m3s-1, and thus bed and 
bar forms are active for large parts of the year. The bed material in the study reach has a mean grain 
size of 0.30 mm and the braided channels are 50 to 150 m wide, with maximum thalweg depths of up to 
~3 m below the elevation of adjacent compound bars. Lobate-fronted unit bars are ubiquitous within 
the channels, together with larger compound bars (see Sambrook Smith et al. (2006) for definitions), 
while dunes migrate within the deeper channels and ripples are common on submerged bartops. This 
paper reports on morphological and sedimentological change in the period between 2003 and 2007. 
During this period, a flood event occurred in summer 2005 (Sambrook Smith et al., 2010) that had a 
maximum mean daily discharge of 1830 m3s-1, with 20 consecutive days of flow over 1000 m3s-1 (Fig. 
2). Analysis of the flow records since 1967 shows that flows in excess of 1000 m3s-1 occur for just 
0.31% of the time. To place this in context, except for the 2005 event, only 23 days have possessed 
flows above this value in the period between 1967 and 2009. 
 
Methods 
 
GPR survey programme 
GPR data were initially collected in 2004 over selected bar surfaces within the study reach on a 50 m 
grid, but also with some additional more closely-spaced lines. All lines were tied to a datum 
(International Terrestrial Reference Frame 2000) using a Leica 1230 System real-time kinematic 
differential GPS. This protocol then allowed these same lines to be relocated and resurveyed in 2005, 
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2006 and 2007 using the same acquisition parameters described below. Common offset (CO) GPR 
surveys were undertaken using a Sensors & Software PulseEKKO 100 radar system in 2004, 2005 and 
2006 and a Sensors & Software PulseEKKO Pro with SmartCart in 2007. The PulseEKKO Pro system 
is an upgrade of the 100 system but all data were obtained with 200 MHz antennae and are of 
equivalent resolution (~0.1 m) and quality. GPR acquisition and processing followed the protocol 
suggested by Woodward et al. (2003) for sand-bed rivers. Antennae were fixed 0.75 m apart on a 
purpose-built plastic sledge (2004-2006) and moved perpendicular to the profile in continuous data 
collection mode with a trace spacing of 0.10 m, which was triggered automatically by an odometer 
wheel, and a trace stack of 16. In 2007, the antenna spacing on the SmartCart was 0.50 m, with trace 
spacing and stacks the same as in previous years. GPR profiles were processed using Seismic Unix and 
included time-zero correction, dewow and bandpass filtering, application of gains, elevation statics and 
depth conversion. Migration algorithms did not optimise the radar signal and therefore were not 
applied. Common midpoint (CMP) profiles were undertaken and gave a radar velocity of 0.05 ± 0.003 
m ns-1. To ground-truth the radar data, 21 suction cores up to ~4 m long were collected within the 
reach. Epoxy peels of these cores were made by cutting the cores in half along their length and pouring 
epoxy resin onto the exposed surface. After the resin cured, and the core surface was washed, the cores 
were photographed and logged (cf. Ashworth et al., 2011). 
 
DEM production 
Morphological change was quantified (2003-2007) from a sequence of specially-commissioned aerial 
photographs (Fig. 3) that were processed using a new digital photogrammetric method to generate 
DEMs for both dry and wet areas of the braidplain (see Lane et al. (2010) for full details). For each 
epoch 1: 5000 scale imagery was scanned to grayscale at a resolution of 7 µm, and these digital images 
were used in a conventional photogrammetric analysis to recover sensor positions and orientations at 
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the time of image acquisition. A DEM was extracted from the data for the entire reach using stereo-
matching and the imagery was orthorectified. The DEM data were then classified into wet and dry 
areas, with the dry areas being corrected for any matching errors. For the wet areas, low levels of 
matching success necessitated determination of elevations based upon an analysis of the spectral 
signature. First, equal interval classification was applied to wet area points to select points with 
accurate depth estimates (based on elevation values) for pixel brightness (dN). Second, depths were 
corrected to account for the effects of refraction of light at the water surface (Westaway et al., 2000). 
Third, corrected depths were then correlated with pixel values, and this relationship was modelled and 
applied to all wet area points to obtain accurate depths. Fourth, water edge data were interpolated to 
estimate water surface elevations for all wetted areas, from which depth estimates were subtracted to 
yield wet area bed elevations. Where the pixel brightness was darker than that identified for the greatest 
predicted depth, it was given the value of that depth. However, such points accounted for only ~2% of 
the data and were distributed throughout the reach. Wet and dry area data were then merged to yield a 
complete DEM of the reach. Use of a consistent datum for all surveys allowed DEMs of difference to 
be produced for different epochs to allow quantification of the nature of morphological change (e.g. 
Lane et al., 1994; Church and Rice, 2009; Wheaton et al., 2010). It should be noted that grayscale aerial 
imagery was obtained for 2003, 2004, 2005 and 2007, but for 2006, colour aerial imagery was obtained 
and subsequently transformed into grayscale in order to apply the depth mapping procedure. 
Unfortunately, the transformation resulted in a loss of variation in pixel brightness in channel bed areas 
and as a consequence, a loss of elevation variability. Thus, while the 2006 DEM is suitable for 
comparisons of change between years at the bar scale, it is not suitable for comparison of the entire 
elevation distribution as the lower channel elevations are not completely represented in the DEM.  
 
Integration of datasets 
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A key feature of the methodology used herein is the integration of surface (DEMs) and subsurface 
(GPR profiles) datasets collected over the same reach between 2004 and 2007. Both types of data were 
tied to a common datum such that the morphological surface for each year could be traced precisely 
within the GPR profiles. Identification of the nature of reworking was then possible since the 
magnitude and style of erosion and deposition between years could be quantified. Thus the observed 
deposits in 2007 could be explicitly traced back to 2004, allowing a direct assessment of preservation 
potential that has hitherto not been possible.  
 
RESULTS 
 
Morphological evolution of the study reach between 2003 and 2007 
For 2003-2004, the elevation distribution of the DEM of difference (Fig. 4) indicates that although 
elevation changes ranged between -3.49 to +3.59 m, the mean was -0.20 m, and hence the majority of 
elevation changes were negative. Erosion occurred primarily in the main channel to the west of Bar A 
and on Bar B (Fig. 5A), and was due to the main channel enlarging as a response to sustained flow over 
the bar top for 1.5 months during this period. Subsequent low flows led to net deposition on Bar A as 
cross-bar channels became filled. However, some net deposition did occur in 2003-2004 within the 
main channel that was associated with unit bars that migrated downstream, or amalgamated to form 
compound bars (Fig. 5A). Unit bar migration rates in this period varied between 0.20 to 1.44 m day-1.  
 
The DEM of difference for 2004-2005 shows net elevation changes ranged from -4.16 to +3.36 m (5th 
and 95th percentiles were -1.88 and 0.62 m, respectively) (Fig. 5B), with ~82% of the change by area 
being erosional (Fig. 4). The greatest depths of erosion occurred where the upstream areas of Bar A 
were scoured (between -2.00 and -4.16 m), although only a few data points show erosion greater than -
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3.00 m. Bars A and B shrunk in length and width during 2004-2005, with their volumes decreasing by 
~58% and ~72%, respectively (Table 1). In the deepest channels, erosion of between -1.00 and -2.99 m 
occurred, and a channel incised into Bar A at its eastern margin, resulting in -0.50 to -2.99 m of erosion 
(Fig. 5B). Some areas of deposition also occurred in the channels at the upstream and downstream ends 
of the reach (up to ~+3.0 m). This deposition was due to the formation of unit bars that migrated 
between 60 and 375 m downstream, equating to migration rates of ~0.18 to 1.14 m day-1, which are 
higher than those recorded in any subsequent epochs, but similar to those recorded 2003-3004. 
However, of the fourteen unit bars present in the reach during 2004, eight were eroded by 2005 (Fig. 
6), a higher number than in any subsequent years, thus emphasising further the dominance of erosion 
during the significant flood event in this period.  
 
Elevation changes from -2.83 to +3.16 m (5th and 95th percentiles were -1.15 and 1.75 m respectively) 
occurred over the reach between 2005 and 2006 (Fig. 5C), with positive elevation changes (i.e. net 
deposition) making up the majority of values (~67%) post-flood (Fig. 4). The regions experiencing the 
highest amounts of deposition occurred where Bar C formed (up to +3.16 m) and also on existing 
portions of Bars A and B (mostly between +0.50 to +0.99 m, but up to +3.00 m in some areas). Bar A 
grew by ~8 % in volume during 2005-2006, while Bar B increased in volume by over 300% (Table 1), 
partly due to the stalling of a unit bar on its western margin and an increase in its length. The elevation 
changes also reveal deposition where unit and compound bars formed at the downstream end of the 
reach (Fig. 5C). Thus, while three unit bars were eroded, three migrated between 15 and 90 m (~0.04 to 
0.22 m day-1), and seven amalgamated with other bars (two with unit bars, two with compound Bar B, 
and three with compound Bar A) (Fig. 6). Thus, the majority of unit bars amalgamated with other bars 
as a response to the post-flood, reach-wide, net deposition due to the re-forming of compound bars. 
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Although deposition was dominant during this period, some erosion also occurred, most noticeably on 
the western margin of Bar A (up to -2.83 m), as a result of flow deflection around Bar C.  
 
Between 2006 and 2007, elevation change ranged from -1.65 to +2.85 m (5th and 95th percentiles were -
-1.3 and +1.87 m respectively) (Fig. 5D) with overall minor net erosion (Fig. 4). Areas that underwent 
net erosion include the topographically highest areas of Bars A, B and C, with maximum erosion 
occurring on Bar A where flow deflection from Bar C (Fig. 6) incised into the upstream area of Bar A. 
However, in many regions deposition was dominant, especially sedimentation driven by unit bars. 
None of the eleven unit bars present in this reach were eroded during this epoch, with six migrating 
between 30 and 150 m (~0.11 to 0.56 m day-1), two not migrating at all and three accreting onto Bar A 
(Fig. 6). This accretion resulted in deposition, both on the margin of Bar A (up to +0.49 m) and where 
unit bars developed at the northern end of the reach (up to +2.85 m). During 2006-2007, Bar A changed 
in volume by +30%, Bar B decreased in volume by -67%, and Bar C almost doubled in volume through 
downstream migration of the unit bar fronts (Table 1). However, elevation changes due to the low-
magnitude, high-frequency, floods of 2006-2007 did not significantly alter the reach morphology.  
 
Overall, the large Bars A and B, that by 2004 had become attached to the right bank and dominated the 
reach, experienced significant erosion in subsequent years (Fig. 5E). This erosion was in part driven by 
the new Bar C which by 2007 had grown significantly such that deposition became the dominant 
feature of the main left-side channel (Fig. 5E) with flow steered around it towards Bar A. Prior to 2005, 
the main channel was significantly smaller, hence for a given discharge flow velocities and bar 
migration rates were higher. Following the 2005 flood, the channel deepened and widened becoming 
significantly larger. Thus, migration rates were much slower and deposition occurred because the 
channel was too large to transport its load under reduced discharges. 
Page 10 of 43Sedimentology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
11 
 
 
Sedimentological evolution 
Qualitative description of deposits:  
Based on distinct GPR reflections, four main types of radar and sedimentary facies have been identified 
in the South Saskatchewan (Sambrook Smith et al., 2006), and this classification is adopted herein and 
summarised in Table 2. Facies 1 relates to large-scale cross-strata (up to 1.4 m thick), most commonly 
developed at bar margins, that may dip in either or both downstream and cross-stream directions within 
a single bar. In most cases, the thickness of facies 1 increases in the direction of unit bar migration, 
which is normally away from the bar margin and towards the channel thalweg. Facies 2 comprises 
medium-scale sets (up to 0.4 m thick) associated with deposition by dunes, and thus in contrast to 
facies 1 is found in many bar and channel locations. Facies 3 comprises small-scale sets (<0.1 m thick) 
associated with the deposits of small unit bars, dunes and ripples that are beneath the resolution of the 
radar. As such, facies 3 tends to be found on bar surfaces where flow depths are shallower. Facies 4 can 
cover a range of scales (typically 0.2-1.0 m thick) and is formed as either cross-bar channels or bartop 
hollows (see Best et al., 2006). Within the compound bars investigated herein, these four facies are 
typically organised in a consistent manner, providing a characteristic alluvial architecture of the unit 
bars that comprise the compound bars. As illustrated in Fig. 7, the deposits of unit bars are 
distinguished by being composed of medium- and small-scale sets of facies 2 and facies 3, respectively, 
and high-angle inclined-strata (facies 1) that are produced by the migration of bar margins. Unit bar 
deposits thus contain facies 1, 2 and 3 and to a much lesser extent facies 4. The base of unit bar 
deposits can be identified by strong basal reflectors, with the foresets of facies 2 and 1 being evident as 
as trough reflectors and high-angle inclined reflectors, respectively (Fig. 7).  
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Based on the DEMs and GPR data, it was also possible to identify seven unit bars that had become 
incorporated into the depositional record. This enabled a comparison between the size of the formative 
bedform and its resultant deposit. Based on this analysis, the unit bar deposits were on average 20% 
shorter in height, 32% shorter in length and 60% shorter in width than their formative bedforms. These 
differences resulted in an increase of the unit bar length:width ratio from 1.9 to 3.2 and a reduction of 
the unit bar width:thickness ratio from 79 to 40 between the formative bedform and its deposit, 
respectively. Although recognizing the limited sample size, this analysis suggests that the top portion of 
unit bar deposits become eroded, and also that the bar width experiences erosion to a greater extent 
than either bar height or length. The alluvial architecture of compound bars can also be described with 
the dataset and Fig. 8 shows a characteristic cross-section through a recently formed (within 1 year) 
small compound bar. These GPR data show the characteristic convex unit bar core formed of dunes 
(facies 2) that has been scoured at the surface by a small cross-bar channel (facies 4) and then aggraded 
vertically by small-scale bedforms (facies 3). The right margin of the bar has subsequently grown via 
accretion of additional unit bars (facies 2), some of which possess large-scale sets that thicken towards 
the channel thalweg (facies 1). A similar alluvial architecture can also be seen within an older, larger, 
compound bar (Fig. 9), which also has a convex core, steeper sets at one bar margin and evidence of a 
channel fill on the other. However, Fig. 9 also shows how the margins and surface of this compound 
bar became truncated over the following two years such that only a small central portion remained 
preserved. Similar to unit bars, compound bars thus also become truncated vertically and laterally.  
 
Quantitative description of deposits: The percentage of each facies type was quantified on Bars A, B 
and C for the new deposits produced during each epoch to compare the composition of deposits each 
year (Fig. 10). It should be noted that not all the collected GPR lines were sampled as only those that 
had comparative lines for the subsequent year could be included in the analysis (i.e., at times parts of 
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some survey lines were under water where new channels had been cut). Between 2004 and 2005 on 
Bars A and B, deposits of facies 1 type increased by ~3%, facies 2 deposits also increased by ~10%, 
whilst facies 3 decreased by ~14%. In 2004, Bars A and B were relatively stable, but due to widespread 
erosion in 2005, the bar surfaces were lowered. This bar erosion and decrease in bar surface height 
could be an explanation for the decrease in abundance of facies 3 and increase in facies 1 and facies 2. 
The deposits of facies 1 were produced by the migration of unit bars within the flood-incised channel, 
and also onto the barhead of Bar A (see Fig. 3). The mean thickness of facies 1 deposits between 2004 
and 2005 was 0.85 m, statistically significantly larger than the 0.67 m recorded in 2004 (difference of 
means; p < 0.05). The bar areas were overtopped for 60 consecutive days during the 2005 flood and 
this produced more abundant deposits of facies 1. Similarly, the longevity of the event enabled larger 
dunes to form and hence more facies 2 deposits were recorded in the radar surveys. 
 
Between 2005 and 2006, the composition of new deposits (Fig. 10) shows the opposite trend to that 
occurring in the previous year, with ~5% and 13% less deposits of facies 1 and 2, respectively, and 
19% more of facies 3. Bar A increased in size and height as net deposition occurred throughout the 
reach, resulting in a decrease in facies 1 and an increase in facies 3, as less bar overtopping occurred 
due to the frequent low-magnitude, high-frequency floods that predominated during this epoch. A 
similar relationship is seen on Bar C (Fig. 10) during this period and may be attributed to the vertical 
growth of the bar, with this sedimentation being dominated by smaller dunes (below the resolution of 
the radar, facies 3) due to reduced inundation of the bar surface. On Bar C, the higher percentage of 
facies 1, as compared to Bars A and B, is due to the two unit bars that comprise Bar C actively 
migrating downstream in the main thalweg (see Fig. 3). The average thickness of facies 1 deposits from 
Bars A and B is 0.80 m and not statistically different to those of Bar C which is 0.86 m. Additionally, 
the orientation of adjacent sets of facies 1 also changes through time due to erosion and subsequent 
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sedimentation. A good example of this (Fig. 11) is from 2004 when on Bar A two sets of facies 1 were 
recorded in the GPR survey with the same orientation (labelled A1 and A2). However, in 2006, 
following scour of a channel across Bar A and subsequent fill by a unit bar, the upper set was replaced 
by one of differing orientation (labelled A3) as the west side of the unit bar became preserved. Between 
2004 and 2007, channel fill deposits (facies 4) constitute less than 1% of the annual deposits on Bars A 
and B, and this is supported by the aerial photographs that show few cross-bar channels during these 
years. For example, between 2005 and 2006, small cross-bar channels formed near the western margin 
of Bar A and produced deposits characterised as facies 4. In 2000 on Bar A, there appear to be (see 
aerial photographs, Fig. 3) a larger number of cross-bar channels on the stable surface of Bar A as 
compared to 2004-2007. This is also associated with a greater occurrence of facies 4 during this time 
(Sambrook Smith et al. (2006) calculated that 7% of all deposits on Bar A in 2000 were of facies 4). On 
Bar C in 2006, 4.2% of the overall deposits were facies 4, with a channel-like feature forming in the 
depression on the bar surface, leading to the production of channel cut-and-fill features within the 
subsurface (Fig. 12). Cross-bar channels often form in the trough region between two unit bars as they 
coalesce to form small compound bars. 
  
From 2006-2007, deposition of facies 3 increased by ~60% whilst the same percentage of facies 1 was 
deposited as the previous year (Fig. 10). Similarly, on Bar C, deposits of facies 3 increased by ~19%, 
whilst facies 1 deposits decreased by ~4%. Thus, the deposits of facies 3 continued to increase as a 
proportion of the total deposits. Between 2006 and 2007, the number of flow events above bartop were 
similar to, but of shorter duration, than between 2005 and 2006 (see Fig. 2). This may be responsible 
for Bar C becoming more stable, as the two unit bars from which it formed amalgamated and increased 
in elevation at both the bar margins and centre. This growth and stabilisation is also recorded in the 
deposits by a decrease in facies 1 and a relative increase in facies 3. Between 2006 and 2007, the 
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average thickness of facies 1 for Bars A and B was the same as that between 2005 and 2006 (0.80 m), 
and that on Bar C was not statistically different at 0.88 m. It thus appears that the deposits from facies 1 
identified in the 2004 radar are thinner than those formed in subsequent years, but that facies 1 deposits 
formed during the flood flows in 2004-2005 were similar in dimension to those formed within Bars A 
and B during 2006-2007 and within Bar C in 2006-2007. This similarity in the scale, and style, of 
deposits thus makes identifying different types of flood event within the deposits problematic 
(Sambrook Smith et al., 2010).  
 
Discussion 
 
The DEMs of difference discussed herein highlight how modest floods generate mainly incremental 
changes to the planform, while the large flood of 2005 caused widespread erosion and triggered major 
reorganisation of the channel planform. However, this legacy was short-lived with elevations within the 
reach largely returning to pre-flood levels within two years. This point is more easily visualised using 
the DEM elevation distributions for the entire reach (Fig. 13) as opposed to the DEMs of difference. In 
2003, a unimodal distribution of detrended elevations existed, highlighting the dominance of unit bars 
across the reach (Fig. 13). However, in 2004, a bimodal distribution existed caused by the growth of a 
very large compound bar and relatively fewer unit bars (Fig. 13). In 2005, due to the large flood, the 
distribution of elevations had become more complex, as new channels were eroded across the old 
compound bar, some topographic highs increased in elevation and new unit bars formed (Fig. 13). By 
2007, the elevations had a normal distribution with a dominance of unit bars (Fig. 13) that is very 
similar to the distribution of 2003. An intriguing question is whether this variation represents evidence 
of a cyclical nature to the behavior of sandy braided rivers in response to floods. Does the unit bar 
dominated morphology represent the ‘normal’ morphological state, that is periodically punctuated by 
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either low-magnitude flow episodes such that large compound bars grow (bimodal elevation 
distribution) or very large magnitude floods that significantly reorganise the planform (complex 
elevation distribution)? Clearly an even longer record is required to definitively answer this question, 
although some other recent studies may help explain the observed bed evolution response to changing 
flow conditions reported for the South Saskatchewan. For example, in an experimental study of a 
gravelly braided river, Egozi and Ashmore (2009) argue that the braiding index adjusts to stable values 
for a given discharge and show that step changes in discharge cause increases in the braiding index. A 
simple comparison of pre- and post-flood images (Fig. 3) similarly reveals an increase in braiding 
index within the South Saskatchewan. Bertoldi et al. (2010) studied the gravel-bed, braided, 
Tagliamento River and concluded that the dynamics of the river are defined by two contrasting spatio-
temporal scales: i) events that occur once or twice a year and that result in spatially relatively localized 
change with morphological units such as branches, nodes and bars being distinguishable between 
events, and ii) events with a return period greater than 2 years that can completely rework the braided 
network such that the morphological units do not persist between such events. These conclusions have 
similarities to the current observations from the South Saskatchewan River, although in the present 
study network, reconfiguration still occurs during modest events, such as the growth of Bar A and the 
fill of an abandoned channel on the right bank (see Ashworth et al. (2011) for further details).  
 
Regardless of the considerations discussed above, it is clear that as the geomorphology of the reach 
changes then so do the associated subsurface deposits. Thus, based on the evidence from Bar C, a reach 
dominated by unit and small compound bars will have a higher overall proportion of facies 1 (large-
scale sets) than a reach dominated by larger, more stable, compound bars. The percentage of facies 1 
produced within Bar A increased between 2004 and 2005, and then decreased in 2006 and 2007. This 
was coupled with a similar change in the proportion of facies 2 (medium-scale sets) and an inverse 
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change in the percentage of facies 3 (small-scale sets). Similar to Bar A, on Bar C the percentage of 
facies 1 and 2 decreased between 2006 and 2007, whilst the percentage of facies 3 increased. Sambrook 
Smith et al. (2005) compared data sets from the South Saskatchewan, Jamuna and Calamus Rivers and 
deduced that facies 1 is more common in sandy braided rivers where flows occur over the bar-top, and 
where the bar is relatively low-lying or situated within a deep channel. In contrast, facies 3 is more 
common where bars are stable and are aggrading vertically and laterally (Sambrook Smith et al., 2005). 
The changing composition of deposits in the study reach between 2004 and 2007 documented herein 
agrees with these findings. The increase in the abundance of facies 1 due to the 2005 flood can be 
explained by a decrease in bar surface elevation due to erosion, a decrease in bar stability and increased 
frequency of flows over the bar-top. These factors may also explain the decrease and increase in 
abundance of facies 3 and 2, respectively, since there will have been both higher flow depths over the 
bar when it was overtopped and the duration of these flows during the 2005 event would have been 
enhanced, so that a greater proportion of larger dunes were produced (facies 2). Between 2005 and 
2006, Bar A increased in elevation, and between 2006 and 2007 there were fewer periods of over bar-
top flow. This thus resulted in an increase in the abundance of facies 3 and a decrease of facies 2. Bar C 
also grew in height and width in 2006-2007, thus causing a decrease in facies 1 but increase in facies 3. 
The significant implication of these observations is that a range of facies are deposited in response to 
changing macroform dynamics associated with the surface geomorphology. Thus, as the surface 
morphology evolves, then so do the associated deposits. Importantly, conclusions drawn by 
sedimentological studies of modern rivers derived from data collected during just one year may simply 
reflect only one of a possible number of alluvial architectural states for the river that may be recorded 
in response to fluctuating morphological dynamics.  
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However, even if the river is dominated more by compound or unit bars, it is still braided, and Bridge 
(2003) stated that the only definitive evidence for establishing a braided river origin within ancient 
deposits are cross-sections through braid bars with adjacent channels. The evidence displayed herein 
has demonstrated that it is possible to identify braid bars within the deposits of the South Saskatchewan 
and that the style of alluvial architecture is very similar to the model of Bridge and Lunt (2006; see 
their fig. 13). However, this conclusion comes with one important caveat; it is clear that these 
architectural styles are significantly modified post-deposition as they become reworked. Thus, as unit 
bars coalesce to form compound bars they become truncated in thickness, length and especially width. 
This results in a loss of perhaps their most distinctive facies, the large-scale strata that are often seen at 
bar margins. Likewise, erosion of the bar-tops, where small-scale sets are present, can leave unit bars 
primarily composed of just cross-strata generated by dunes. Simple vertical trends in bar stratigraphy 
become further modified due to erosion by, and deposition within, cross-bar channels that may form 
between unit bars. The truncation of the unit bar and associated deposits occurs over a range of flood 
magnitudes, and thus unit bars may readily lose their depositional heterogeneity, even during relatively 
modest floods. Similarly, as shown in Fig. 9, the deposits of compound bars may also become difficult 
to identify for the same reasons. Thus for a significant proportion of the deposits, it may be very 
difficult to place them within their original depositional context. While 3D data can help in this respect, 
it will be more difficult with just 2D sections or cores where compound bars may only be characterised 
by subtle vertical grain size trends, being coarser at the channel base and finer at the bar surface, rather 
than any more obvious contrasts in facies type. An additional issue is that as well as truncation of 
deposits, over time new deposits can become juxtaposed next to older deposits, and may appear 
contemporaneous, or at least related, which need not necessarily be the case. The issues that arise from 
this are best illustrated with an example. In a study of the Castlegate Sandstone, Miall (1994) suggests 
likely styles of bar planform based on palaeoflow evidence. Miall (1994) describes the Crescent 
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Canyon element (his fig. 12) as consisting of two bars oriented in opposite directions to each other and 
separated by a fourth-order surface (i.e., a minor channel). This evidence was interpreted as 
representing counterpoint bar deposition associated with a meandering channel. However, as shown in 
Fig. 12, the same style of alluvial architecture can be found in the study reach documented herein, and 
is clearly not related to counterpoint bar deposition, but the simple temporal evolution of the reach. 
This highlights the difficulty of establishing planform from 2D outcrops as interpretations, especially 
based on relatively restricted exposures, can be misleading. 
 
While the depositional model of Bridge and Lunt (2006) is a good representation of the best preserved 
successions of braided river sedimentation, it may not relate to the bulk of deposits. The extent to 
which this is the case will depend on how the deposits become preserved in the subsurface record. For 
example, avulsion of the channel belt to a new location, which leaves behind deposits in the original 
channel belt, is a key requirement for the preservation of fluvial sediments. Although it is generally 
thought that avulsions are triggered by an extreme event such as a large flood (Mohrig et al., 2000), for 
the flow of water and sediment to move fully from the old to the new channel belt may take anything 
from 1 day to millennia (Jones and Schumm, 1999). Following the trigger at high stage, if avulsion is 
instantaneous, compound bar deposits may remain in a state similar to that shown in Figs. 8 and 9A 
(i.e., the model of Bridge and Lunt (2006)). However, if complete avulsion occurs over a longer time-
period, there will be more of an opportunity for subsequent lower flow events to generate coalescence 
of unit bars and sediment reworking as the amount of flow through the original channel belt gradually 
diminishes. Thus only fragments of the original compound bars, which can be difficult to place in their 
original depositional context, may remain (as illustrated in Fig. 9B). This temporal modification to 
facies preservation revealed herein represents an additional degree of variability that has hitherto been 
unquantified. Thus, while previous studies have noted how facies can vary both within an individual 
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bar and between bars, the prevalence of any particular facies will also be biased by precisely when the 
system is sampled with respect to flow-related morphological variability. This issue further emphasises 
the point that choosing a suitable modern analogue for any ancient alluvial deposit should concern not 
just finding the right river, but also understanding the broader temporal evolution of its deposits. 
Clearly, additional data are required concerning the temporal evolution of deposits to quantify these 
issues further, and one means of achieving this is to follow the methodology presented herein that uses 
time-series of DEMs, with a sub-annual to annual resolution, coupled to geophysical surveys of the 
evolving subsurface sedimentology. 
  
Conclusions 
The present study has provided the first step towards a quantification of the process-product 
relationship in sandy braided rivers, and the degree to which the depositional product becomes 
truncated following a sequence of flow events. There are four key conclusions to this study: 
1) Over the period of investigation, the braided study reach documented herein evolved from one 
dominated by unit bars to one dominated by a compound bar, and back again to a unit bar-
dominated state. This cycle of change occurred even under modest flow discharges, with a 
period of low-flow leading to a compound bar dominated state and a high-magnitude flood 
causing significant reorganization of the braidplain that ultimately resulted in a more unit bar 
dominated state. 
2) While it is commonly assumed that the nature of the subsurface deposits will relate to the 
morphological character of the surface planform, this study has quantified this relationship. For 
example, the present analysis has highlighted how deposition at large-scale bar margins was 
relatively more abundant when the river possessed a unit bar dominated state, but was less so 
during times when the morphology was dominated by a compound bar. 
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3) By repeating surface and subsurface surveys, it was possible to establish how much of the 
different barforms became truncated in response to the evolving surface planform. Unit bar 
deposits are generally truncated in height (20%), length (32%) and especially width (60%) as 
compared with the formative bedform. While examples of ‘textbook’ compound bar alluvial 
architecture can be determined within the deposits, often all that remain are fragments that are 
more difficult to place within the context of their original depositional history.  
4) Sedimentological studies of modern rivers derived from a single year may simply reflect only 
one of a possible number of alluvial architectural states for the river that may be recorded in 
response to fluctuating morphological dynamics. 
 
Further studies, ideally at even larger spatial and temporal scales are required to enable generalised 
models of entire channel belt deposits to be developed (i.e., containing a range of truncated unit bar, 
compound bar and channel fills) to build on those that now exist for simple compound bars. While the 
latter have been developed over the past 20 years with a greater three-dimensional understanding 
facilitated by new techniques such as GPR, to achieve the former will require effort to be focused upon 
quantifying how the character of the alluvial architecture changes through time. 
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Figure 1: A) Location of Outlook, Saskatchewan, Canada; B) Location of study site on South Saskatchewan 
River, near Outlook (flow towards the north)  
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Fig. 2: Hydrograph showing time of radar surveys and acquisition of aerial photographs for DEM production. 
Solid line indicates the approximate discharge at which flow over the bar-tops commences (~ 230 m3s-1).  
127x79mm (300 x 300 DPI)  
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Fig 3: Sequence of aerial photographs showing evolution of the study reach and location of the Bars A, B 
and C discussed in the text.  
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Fig. 4: Cumulative frequency distribution of net elevation change calculated from the DEMs of difference. 
Negative elevation change denotes net erosion, whereas positive elevation change denotes net deposition.  
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Fig. 5: DEMs of difference for A) 2003-2004 B) 2004-2005 C) 2005-2006 D) 2006-2007 E) 2004-2007. Note 
positive elevations denote accretion between epochs whereas negative elevations depict erosion.  
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Fig. 6: Individual unit bars as seen within DEMs of the study reach 2004-2007.  
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Fig. 7: Example of the deposits of a unit bar identified within the radar surveys. Note the difference in the 
approximate planform to the lobate shape characteristic of the formative bedform. Numbers refer to radar 
facies identified in Table 2.  
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Fig 8: Example of characteristic cross-section through a compound bar (~1 year old), showing the individual 
components that comprise the bar. Numbers refer to the radar facies identified in Table 2. The red line 
shows the base of the compound bar and the dashed line denotes the inferred initial unit bar with convex 
profile, and from which the compound bar has grown laterally and vertically. The strong reflection present in 
the bottom left of the image indicates the boundary between overlying fluvial sands and the underlying older 
glacial deposits.  
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Fig. 9: A) Example of characteristic cross-section through an older compound bar to that illustrated in Fig. 8, 
showing the individual components that comprise the bar as seen in. Numbers refer to the radar facies 
identified in Table 2. The dashed line is the inferred initial bar core with convex profile from which the 
compound bar has grown laterally and vertically. This profile is very similar to the model proposed by Bridge 
and Lunt (2006). B) The white shaded section shows the deposits that had been subsequently eroded by 
2006, i.e. only part of the bar between 90-230 m remained. The vertical and lateral truncation of the 
deposits make it impossible to pick out the compound bar form that was evident in 2004.  
169x114mm (300 x 300 DPI)  
 
 
Page 37 of 43 Sedimentology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
 
 
Fig. 10: Percentage composition of the different facies within new sediments deposited during each epoch. 
Deposits are classified by Bar and year of deposition (2004-2007). The amount of radar data sampled varied 
slightly between years as follows; 2004A/B: 5.2 km, 2005A/B: 3.9 km, 2006A/B: 4.8 km, 2007A/B: 3.7 km, 
2006C: 2.0 km, 2007C: 1.5 km. Facies 1 is high angle inclined reflections, facies 2 is discontinuous undular 
or trough shaped reflections, facies 3 is low angle reflections and facies 4 is reflections of variable dip 
enclosed by a concave reflection.  
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Fig. 11: Example of how the orientation of sets can change through time from A) 2004 to B) 2006. Note how 
set A1 persists in both surveys, but between 2004-2006 set A2 has been replaced by A3 which is orientated 
in the opposite direction.  
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Fig. 12: Example of truncation of initial bar core by cross-bar channels. A) Bar C shown in planform with the 
radar grid; B) image of cross-bar channel formed between the two unit bars that comprise Bar C; C) radar 
profile (location shown as white line in part A) showing the initial bar core as the characteristic convex 
profile (dashed line) that has become truncated on the right side due to cut and fill by cross-bar channels 
(labelled as radar facies 4).  
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Fig. 13: Planform evolution of the reach and associated distribution of elevations derived from DEMs  
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  2004 2005 2006 2007 
Bar A 
Max height (m) 2.4 1.8 1.6 1.6 
Surface area (m
2
) 456390 243556 233143 307525 
Volume (m
3
) 320748 134840 145863 188544 
Max. length (m) 1720 1640 1295 1281 
Max. width (m) 398 290 177 285 
Bar B 
Max height (m) 2.4 1.5 1.4 1.4 
Surface area (m
2
) 143458 50980 147920 75660 
Volume (m
3
) 98408 27906 122540 39784 
Max. length (m) 895 690 1001 1071 
Max. width (m) 203 184 275 152 
Bar C 
Max height (m)  1.3 1.3 
Surface area (m
2
) 19921 53040 
Volume (m
3
) 7931 15787 
Max. length (m) 284 379 
Max. width (m) 100 247 
 
Table 1: Dimensions of compound bar areas 2004 - 2007. Length is in direction of local flow and 
width is perpendicular to local flow. 
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Table 2: Summary of primary characteristics of radar facies observed in the South Saskatchewan River. This 
follows the classification used in Sambrook Smith et al. (2006).  
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